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DESIGN OF TIIE Z“:H VACUUN LINER*

Peter P. Prince and Robert S. Dike
Los Alamoa Nattonal Laboratory

Los Alamo8, New ltextco 87545

ABSTRACT—.

The current atatuu of the ZTH vacuum liner design
1s coveted by thie report. ZTH will be the first
experiment to be installed in the CPRF (Confinement
Phyelcs Research Facility) at the Loa Alamou National
Laboratory and 1s scheduled to be operational at the
rated current of 4 HA in J992. The vacuum vessel haa a
2,4m ~jor radtua and a 40 cm minor radiue. Operating
par~metera which dr[ve the vacuwm veecel mechanical
deatgrr include a 300 C bakeout temperature, an armour
support ●yscem :apable of wirhsr, andin~ 25 kV, ● high
toroitfal reatatance, 1250 kPa magnettc loading, a 10
minute cyc le time, and high poeicional accuracy with
respect to the cond,tcr. lng #hell. The vacuum vesae L
rleaign fetituree which uatisfy the operating ptiramerere
itr~ dei ined. The l!ner la const. ruct. ed of lnconel h25
and hae a geometry which alternates ●ectione of thin
ual led bel lows with t igid ribs. These rompoa i ce

aectioua span batwecn paira of the 16 diagnoettc
●tatione to complece che r.oruu. The chin bellows
sections maximize the liner toroidal reuiccance and the
ribs provide aupporc and poaitimnal accuracy for the
a mou r !n relation to the condwct Ing ah~ll. Heat
transf@r from the veaael ia controlled by a blanket
wrap of ceramic fiber insulation ●nd che heat flux la
disaipaced to a water cooling jacket !rr the conducting
shell.

Design Requirements

From ●n ●ngineering deei Sn viewpoint tho design

requirements for ZTH can be separated into two
Table 1.

groups.
The mom~ Important group, the primary re-

quirement., dotominea the nature of the llner
geometry, If one of thoee par-meters were co change it
io possible that the geometry which catiefied the new
parameter would be qu:te different chsn that of the
original design. For instance, if che required
toroldal reeiatmscd were to dacreaoe by ● fnctnr of
two,the Linar solution would not be rgatrlcted to thin
walled bellnua confisuratiorso but could include double
wzlled or thick walled cpc iona. ‘his impact on desl~n
is not ●e otron~ with the sccnndary requirement. Wth
the ●xception of the liner ●spect ratio, the ratio of
the minor to mjor rmflu~, the tiecondary requiremanco
cre satisfied by tha charactttrinttcs of the inner-pace
betbreon liner ●nd sheik. A chmt~e in ono of these pa-
raratcern {say ●n increama in bakeout tempetatute) would
not reaul t in ● new liner g~omotry but could be
aotiefied by elterin~ th- themel
(Jecrea4ing

propartiee
th~ theme] conduct lvlty) of tha lnner-

mpace.

The oolutiwts which oacisfy the denlgn tequire-
●enta become more appawnt when ●ach oaragetstr IQ

@otlfied by ito tnpact on the overall aechanlcnl
drnolgnt

The phyoice requirement for 4 hi~h liner toroi4at

recict4ncs la kad on olsfima ●auilibrlum culculatiorro,
which predict that to optimise p~neu crmdltlon~
meSnitude of induced toroldal lLner eurretwo ,.htro!tl
●inialaed. Thin banafito the ~?hontcak dagl~n of

* Work demo undar th~ ●saplaea cf the US ~p~rtea$~c

tn. rsy.

Table 1
DESIGN ItIiQUIFtEf4ENTS FOR THE ZTtf VACUIJH LINER

vacuum vessel 9 ince the anticipated mdgne[ic loading
due to plaama termination la a191) d*pendant 011 the
magnitude of the toroidal currents. Without the
benefit of this rel,lr. ionehlp the light structure
required for t ha high reulstance would not be
sufficient to reaiat the imposed loading. Current
calculations for ZTH prec.iict a magnetic loading of
1250 kPa and t.hia in ●ddition to the vacuum Ioadtng of
1 ATH la aaaumed to be the design loadlng.

It ta alao desirable to limit the currant which
de’~elops in the armour since large anticipated currenco
would require that tho ● maour ●upporta be deelgnad to
resist very l~rge magnitude. of magnetic loading. By
providine 128 poloidal E4pc bacwaen toro!dal eoct tons
and 44 toroidal gaps betwaen poloidal amour sect ions
the resistance of the ● mour is lMrgor than chat of the
liner which results in tenrination currancs flowing it,
tha liner ●nd not the armour.

The positional accuracy of the liner with respect
to the conductive she!l ia lmporr. ant bccauac of field
● rror conniderat ione. With some experiment deotgna

this requirement doe. not merit special ●ttent ion ●s
the oolution is inberant in tha deeigna. Howaver, in
ZTII, ●ince the liner geometry lC a bellow. conflgura-

t ion ●nd ●lnce the bcllowa are nonuniform in ohspe,

special features muot be providod to ●lign the liner
and ● rmou r within tha shell. Thlt is done by

●lternatin~ aolld rib. with the bellows oect ions. The

ribo ● re ●ccurately mechined ●nd provide reference
●urfacmm fot both the d 1740Ui and tha shall. Th18
● nrnurea rapaatable location of the vacuum vosce!. and
greatly redwces the poaltlonal requira9anta for the

bollowo convolution while ●lso providln~ ●ttachment
for the ● mour.

T%. oymncry of the liner design io truly s caoe
of deaicn by compr-loe. Althowsh there ● rm merry con-

fi~uratione which would catiafy the requ(rexentc of the
liner ●lone, only ● Cow can do 00 ●nd -till●upply the
roqulred diagnostic ●ccose ●nd intarfaco w th the
●achine oupport *tructuIo. In brlof, tha liner wag
doai-ned to oupply 16 ota~inne for dis-noatic accesg
and nther charscterlotice wero oeltcted In 4 ●anner
which ●inlmlaeo conflict with the requlrod ●cceoa.

The oocondary requirenentc ● rc satlofied by
u~loccln8 tho Soemetry ●nd themel characterlstico ef
tha int~ropace based on thermel ●nalyoio of the front
●nd. ‘fhlo 40.0 not includo the sopect ratio of the

llnar which Mao ●eletced co neuc physics r.yulkemento.
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The secondary requirements
geometry of the front end
after the configuration that
au$remerrts in known. A

are dependant
and can only be

on the
determined

\

S]-{ELL

REFERENCE
SURFACE

eatiefles the primary re-
larjte ranue of thermal

conductivity ia available with th; -nume roua maceridla
suitable for uae in tl.e interspace and thfa will allow
the thermal reaponae of the front end to be tailored to
maet varying requirements. The major limitation la the

approximately 250°C continuous uae temperature llmit of
available electrical jnaulatore.

The Design

The ZTH liner will be constructed entirely of
Inconel 625 and will be composed of 16 equal bellows
aubaesembliea and 16 equal diagnostic secciona. E~ch
bellows aubasaembly consists of 7 equal Ieng Lh belluws
ueccions connected by 8 .eupport rings. Figure 1. With

a convolution height of 2.3 cm, a pttch lengr. h of

2.3 cm and a akin thickness of 1.6 mm the bellOwa
geometry produces a toroidal reaiatance of 8.3 mint
Ohms and a atiffnesa equivalent to a 1.2 cm uniform
wall thickness pipe. The high reutatarrce is a product
of the high reatativlty of the Inconu I 625 (P - 1]3 x
10-6 m-ohm) tind the 3000 cm toroidal path ldrrgth of the
bellows. Analytical calculation indicute that the
selected bel lowe configuration coupled with th,r 128

support rings hae sufficie-r etrerrgch to reeisr the
expected loading, buc uufftcient uncercaintiee exiet to
wa rrant a detailed ftnice element ●nalyeis. Thie is
particular/ true for the diagnostic ●ect iona at the
tubulatlon penetrations.

Llceidea increuaing the aclffneea of the liner the
support rtngm provide reference $urfaces co which the
a c-mour can be attached and by which che liner can be

Iocaced with respect to the conductive shell. Figure
2. In ●ddition ● t 2 toroidal loctitionc che rin~ will
incorporate ● bolt circle and metal +ring e-al to
allow acceta to che veeael interior for repair. The ID
of the ~inga ara deeply scalloped co reduce their croee

DIAGNC’KTl~

\
‘\

h#S TAL ARh{(_?R
@’RING

Fig. 2. ZTH I.lner Der, ail, VJc!lum Seui Section.

Wlr. h 128 eupport riogu and .44 tllae per rtng, 5632

tiles are required r.o prorect the Itner. Fortttnately,
only the toroidtil length of the tiles variee and r.hnt
length Ie conscanc fur n given polotdai pocir ion which
results tn 44 tile eizea.

The overall geometry ,]f the llnwr ●nd ZTH was eet
by the deciaton co have 16 di~gnnatic starlono. To
incorpormta thla in the Ilrrer @very ●lghr.h hellowa
eection wao replacwl by a 6.4 mm thick, sir.gle well,
chord *ticttOn, diagnu.tic ekin. Thle sktrr wea chooen
becauae Ica uniform uurface enablea the diasnontic
tabulations to be ,lrtachad to the liner ualng
conventional welding technlquee. This waa an important
factor due to che macharrlcat loadin.$ and thermal
atreaoeo ●xpected In tht~ location.

Alchuugh the liner h~a lfI axfa of ●ynrmetry ●nd hmo
16 diagnostic sectinne, on:y 15 of the aectione will
provida dia$noacic ●cceaa. Tha other eecklon 1s
located under the gnp regtw, of the shnli where for
structural ●nd ●lect.rlcal Inaulatlon tieations no
penatratione arc ●llowed rhrou~h the ~ep and thle
precludee d(u8noctic tubulatinne at thie ecetlon.
There are 5 different dia8noeclc tubulst ion cmtfigure-
Clone which occupy the 15 avaltahle diagnoct Ic

r 01 AUW2STIC SECT
/-

SELLOWS SECT

TWLA.Al/@l

.—---- /

..— ..—-

Im 1
mr

I i-- AMUH$

//,ecm

L

—.r

I ●c4tloneo Figure 3. All tubulationa ware deei~ntrd to
mlnlraize the rerluirod hole in the conducing shell in

w’
an ●ffort to rmtuce the field at-tore which occor due to
norr ,tn!fnrmitil.* In tlr9r crrrrdatctor,

m

The ho~izo,,cel tubule tionm ● re one piece tubee,
1.0 mm wall, ●d 4re weldad to the diagntretlc ekin.
They dra of eufflclent Icnath to pencrteta thm
●nd ●ach t uhe ●h!}lCerm!natee with a welded on CONPLAI
fl$n~s which t!luwa Inrerface with tho dltcnitec!~e. A
almple halo i~ provtderi In the eh~ll for tube, er. ione
which ere located on che hurieonttl ,et~terline while ●

keyhole ●nd lneert plate Are required for off 81cIs
tubulatiorra. Thn keyhole ie r~qulrad to ●nable the
shell aectionu ttt peeo over rhe Ilner tuhulac ion &urin8

.—

—

(T) Renletered trdemark of JoInca
?rence.

?#rgoreIndu#trie,

Aaeoclatee,(T) Reglatered trademark of Verten
4 of?2TH llner sub~eeembly non ●reed, only

bellowe ●octiorm ohoun
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?IfJ. 3. ZTH Diagnostic Stat Ion Con(lgursciono

asmmmb~y snd tlm in-art plato Is Inotallcd to r~galn
toroldbl ●lactrlcal continuity In t.hc ohall ●croao tho
koyholo.

If cha -am. d~ml~n wra umori for tha vorclcal
tubulntiorm, tho than would huva CO pas- ovor tho
ont Iro tubulatlon, Inclmting Lha CONPLAT f lan~o ●nd cho
t~qulrtitl altali hola wnuid ho f.00 tttsO. ‘nuQrt placoo
w~r~ conmld~rad bwt. wera rajacrod due to structural

cons ldorat ions. Aa ● r~otllc ● dlfferont ●ppro~ch wao
ooloctad which has th. cubulat[ ma -
pl~cea connoctad ulch ● llttLICO#LflX

~~~ctructml of two
ccal. Pl~ur* 4.

Ouring shell ascoobly rho upper portion of tho

tabulation which Includca tho COWLAT flmtoa Is
rmovobl ● At ● tomtlt tho oholl hold only naods to be
lmrgo .nrxt@h to cl~tr tho taalo portion of tho

HCLXCOFLRX seal. Afcct ●coombly tho upper portion of
th tubmlacion 1. ‘natallod ●nd tho ●hell la new

uptlva. Locklw ●rrpotlanco with MKLICOPLCX ooalo tho
p roa r49 hag OQtOd to build prototypaa Of choso
tubulstlont ●nd toot them for rollablllty. Tootln~ 10
aurrontly {n pro~raao.

lh vacuwm ltner intarfaca with tha comductlng
oholl occurs In tho Innoropaco ro~ion. ‘M lnmercpoco
io th~ void batwomt tha Iinor 00 and tho ohall 10. In
MM thlo spaco hog ● noncormtant width ●s tho llnor
aontor la oFf oat outboard 12 mm from tho oholl cantor.
This ahlft ●quala th- ●ntlcipatod 9havfranov ohlft of
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Fig. h. }Ieltcoflex sea 1 arrangement for ZTtl vertical
tubulatlnn.

r.he plasma and r@stllf, s lN the Innerspaca width varying
from a minimum uf 1.6 cm *C the outboard horlzoncal
cenr. erllne no d maximum of 4 cm at. the Inboad mldpl.ine.

Tha inn*ru?a e region contalna tile llner
structural oupport. u, tho rhemal and alectrlcal
inaulatlon ●nd some ●lactrlcal diagnoacfcb. Thcsa

compononta must ba carefully salected co satiafy the
secondary design requirements of Table 1 while arlll
●llowing for the follobrinK: 2S kV of isolat ton betwo*n
ahmll ●nd Ilner, a uniform heat flux from the llr,*r to
the shell to pravent ccmperature gradlent9 from
th~mally stramittng the Ilnar, and protection of the
●lectrical lnmulatlon from Cemparsturcs
25!PC.

exccedt nM

To poaitlon tho liner within the shell crascent
shaped scandoffa will b- ●r.tachad ro the Ilnar. The

:~t#do~~~;+;~R~~)mada frona Ilqutd crystal polymer
by injoctlon moldin8 .+nd will be

machlnad ro final shape. ~lsura 1. Dua CO the rhomel
expsnalrrn of tho minor dt-ater of the vacuum liner chc
atandoffn cannot fill the innercpaca cornpletcly, buc
suet ba underelzad by ●pproximately 3 M to ●now for
the ●xpanoion. The liner diameter ●nd the thickneaa of
the etandoffa have bean cat !fully chooan to pocttlon
ths llnmr ●t
operating ‘e*Pe~~~!’r~r~YjO()~ot’lOn ● t rh~ doflned., Ar tempera curea othor
than the oporatlng tamparaturo the plamma will have ●

themal shift in ●ddltlon rn ~he d~elred Shavfranov

ahlft. Thle aleo roeulcs in all Ilner loade ttetn~
rmbcted r,o the ohall through th. In bosrd and bottom

stendoffa s- the vetttcal and outboard standoffs ● re
not In contact for te~peraturea below lW°C.

Tho ●lecrrlcal tntitzlatlon WIL1 conelae of ● rpoxy
baeod cnttln~ on the shall ID to ● naure Rood chet’mal

:~jt~~p;~~~) the cooltn~ C.P.CI?Y uf the weter ].cket
ttmorta provfdln~ lncraaaod cracklna

dtetance ●t Jotnte between the shell aacttunc. The
the-l lnaulatlon *III bo a gltao flher blankat
●ncloeod met of ceremic flbor end Its thermal

(T) XYOAR la ● reglsterod trademerh of Oert

[ndmetrlee, Inc.

(T) RAPTDM Is ● re~latared trmlommrk of I. 1, Oupont,
Ins.

3



,

\

rasistancc will not be constant due to tne non uniform
inncrspaca width, The primary purpoao of tho themal
lay~r is to pravent Oxccsstva carnp9raturo8 ● t t ha
clactrical !nsulatton ●nd to keep the liner ● t. ●

unifor.1 tomp*rature. Curtwnt calculation predict
tamparaturas outsida of tho thamel blsnkat ●e lowor

than 100°C in ● macro v1*w.

Design Jncartainr. !eo

The design decailmi In this r~port is -cIll
prtllhinary in como mapaccs. Still p*nding ● rt rasulta
ofl ●“ llnor MM strets analy@is, a trtnnimtt heat
transfer ●nalyolo of the front ●tld cross ooct ion. ●nd a
vacuum tctt procraa for the helicofl~x OCC1. sum
● raa8 of the daaisn could change aa ● rooult OL’ thaoe
otudia8.


